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either lacking fully functional Tregs or 
rendered Treg defi cient via anti-CD25 
antibody-induced depletion. It is striking 
that Tregs resident within an anatomically 
remote site such as the spleen were capa-
ble of assisting in recovery when infused 
into donor animals to eff ectively augment 
the total  ‘ pool ’ of Tregs. Th is intriguing 
fi nding would suggest that Tregs  per se of-
fer protection from ischemia – reperfusion 
injury distinct from any antigen specifi ci-
ty, and further blurs distinctions between 
the innate and adaptive immune systems. 
 It should be noted, however, that the 
phases of acute injury and repair typically 
overlap within the tissues of all injured 
organs. Th us, although the depletion of 
Tregs before the induction of tissue injury 
is eminently feasible, 5 the depletion of 
Tregs at the exact and  ‘ non-overlapping ’ 
interface between injury and repair is 
more problematic. Th us, the benefi cial 
eff ect of Tregs on the recovery phase of 
renal injury that is evident in the study by 
Gandolfo  et al. 4 may partly result from an 
inhibitory impact of Tregs on ongoing 
acute infl ammatory processes within the 
kidney as suggested by the eff ects on T-
cell cytokines at the later time points. In 
other words, the prolonged injury phe-
notype may represent the negative eff ects 
of excessive ongoing activation of the 
eff ector arms of both innate and adaptive 
immune systems in the absence of anti-
infl ammatory Tregs. Alternatively, Tregs 
may have the capacity to actively promote 
tissue repair  processes, either directly by 
the release of factors promoting renal-cell 
survival and replication, or indeed by 
modifying the phenotype of other infi l-
trating cells implicated in mediating 
recovery from renal ischemia – reper-
fusion injury, such as macrophages. 10 As 
such, whether Tregs act as a generalized 
 ‘ cellular brake ’ to limit immune-cell acti-
vation, or as a more subtle conductor of 
the intrinsic renal reparative response to 
injury, merits further study. 
 Conclusion 
 Tregs are eminently suitable for the fi eld 
of transplantation, where the prevention 
of delayed graft  function resulting from 
ischemia – reperfusion injury and the in-
duction of tolerogenic immune responses 
are desirable. It is thus of interest that the 
coadministration of Tregs with pancreatic 
islets limits the initial acute islet injury and 
promotes successful engraft ment. 11 Clearly, 
there is a huge unmet clinical need for inter-
ventions that induce the resolution of renal 
injury, and the potential future harnessing 
of Tregs for therapeutic gain in acute kid-
ney injury is an attractive prospect. Further 
interrogation of the mechanisms by which 
Tregs facilitate and promote renal recovery 
will be needed to allow any translational 
potential to be realized. 
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 Th e maintenance of systemic acid – base 
balance within very narrow limits is essen-
tial for life. However, the development of 
metabolic acidosis, which is characterized 
by a decrease in plasma pH and bicarbo-
nate ions, is a common clinical condition. 1 
Metabolic acidosis is caused by the over-
production of acid due to a high-protein 
diet; increased catabolism of endogenous 
proteins during sepsis, cachexia, or pro-
longed fasting; and various alterations in 
metabolism, such as diabetic ketoacidosis, 
lactic acidosis, or genetically determined 
acidurias. It also results from loss of base 
due to excessive diarrhea or renal defects 
in bicarbonate reabsorption. Th e onset of 
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metabolic acidosis triggers an essential 
adaptive renal response  characterized by 
a pronounced increase in extraction and 
catabolism of plasma glutamine, increased 
reabsorption and net production of 
 bicarbonate ions, and an increased 
 synthesis and excretion of ammonium 
ions that facilitates the excretion of titrat-
able acids. 2 Th e increased catabolism of 
glutamine occurs predominantly in the 
proximal convoluted tubule. 3 Th e result-
ing ammonium ions are largely translo-
cated into the lumen, where they are 
trapped by the slight acidifi cation of the 
glomerular filtrate that is mediated 
primarily by the Na   +   / H   +   exchanger 
NHE3. However, nearly 80 % of the 
lumenal ammonium ions are reabsorbed 
by a process that occurs primarily in the 
medullary thick ascending limb (TAL) 
and is mediated largely by the Na   +   / K   +   / 2Cl   −  
cotransporter, BSC1 / NKCC2. 4 Th is process 
 generates a steep cortical-to-medullary 
gradient of ammonium ions that provides 
the driving force for the passive entry 
of ammonia into the more acidified 
fluid in the lumen of the  medullary 
 collecting duct, a process that is mediated, 
at least in part, by the  ammonia channel 
Rhcg. 5 
 Mitochondrial glutaminase (GA) cata-
lyzes the initial reaction in the primary 
pathway of renal catabolism of glutamine 
and is a key regulator of increased renal 
ammoniagenesis and bicarbonate synthe-
sis. 3 During chronic metabolic acidosis, 
the levels of rat renal GA mRNA and pro-
tein are increased eightfold within the 
proximal convoluted tubule. Th e observed 
increases result from selective stabilization 
of the GA mRNA. Th e 3  -untranslated 
region of the GA mRNA contains a direct 
repeat of 8-base AU sequences. Pulse-
chase experiments established that the AU 
sequences are necessary and suffi  cient to 
mediate the pH-responsive stabilization of 
various chimeric   -globin-GA mRNAs. 6 
Th e pulse-chase studies also indicated that 
rapid deadenylation of the 3  -poly(A) tail 
precedes the normal turnover of GA 
mRNA and that the pH-responsive 
stabilization is associated with a decreased 
rate and extent of deadenylation. Th ere-
fore, the identifi ed sequences function as 
a pH-response element (pHRE). Th ese 
data are consistent with the currently 
accepted mechanism 7 for the rapid turno-
ver and selective stabilization of mRNAs 
that contain AU-rich elements (AREs). 
Th e high-affi  nity interaction of a specifi c 
mRNA-binding protein, such as TTP, Brf1, 
or Brf2, with an ARE recruits a deadeny-
lase that catalyzes the rate-limiting 
removal of the poly(A) tail. Th e deaden-
ylated mRNA either associates with 
the exosome, where it undergoes rapid 
3  to 5  exonucleolytic degradation, or is 
decapped and undergoes 5 , 3  degrada-
tion in association with processing bodies. 
Th e selective stabilization of the mRNA 
usually requires remodeling of the pro-
teins associated with the ARE. For exam-
ple, the binding of HuR to AU-rich 
sequences is promoted during various 
stress conditions and leads to pronounced 
stabilization of various mRNAs. 
 A biotinylated oligoribonucleotide 
containing the pHRE from the GA 
mRNA was used as an affinity ligand 
to purify the primary pHRE-binding 
 protein in a cytosolic extract of rat renal 
cortex. 3 Mass spectrometric analysis 
identifi ed the purifi ed protein as   -crys-
tallin (  -cryst), an NADPH:quinone 
reductase.   -cryst lacks a recognizable 
RNA-binding motif, but it was previously 
shown to bind to DNA. 8 Th e binding of 
  -cryst to single-stranded DNA was eff ec-
tively competed by NADPH. Th us, the 
NADPH-binding site of   -cryst may con-
stitute the nucleic acid-binding site. More 
recent studies have confi rmed that   -cryst 
binds to an ARE with high affi  nity and 
specifi city. 9 However, treatment of LLC-
PK 1 -F 
  +   porcine kidney cells with an 
acidic medium did not aff ect the level of 
  -cryst. In addition, small interfering 
RNA (siRNA)-mediated knockdown of 
  -cryst (by 85 % ) in LLC-PK 1 -F 
  +   cells had 
no eff ect on the normal turnover or the 
pH-responsive stabilization of GA 
mRNA. Th us,   -cryst binding is not likely 
 Figure 1  |  Role of   -cryst in the normal turnover and the pH-responsive stabilization of 
BSC1 / NKCC2 mRNA in thick ascending limb cells. During metabolic acidosis, increased 
expression of   -cryst leads to enhanced binding to AU-rich element 3 (ARE3) and the remodeling 
of the BSC1 / NKCC2 mRNA / protein complex. This process is likely to involve the participation of 
additional, but unidentified, RNA-binding proteins (???). 4E and 4G, cap-binding proteins; 40S and 
60S, ribosomes; Deaden, deadenylase; m 7 Gppp, 5  -cap; UTR, untranslated region. Stars represent 
poly(A)-binding proteins. 
Proteins bound to ARE3
recruit a deadenylase and
promote rapid degradation
of BSC1/NKCC2 mRNA
Normal acid–base balance
Metabolic acidosis
Activation of a signaling
pathway leads to increased
expression of ζ-cryst and
remodeling of proteins
bound to ARE3
Increased binding of ζ-cryst
and additional protein(s)
leads to stabilization and
increased translation of
BSC1/NKCC2 mRNA
ARE3
UUAUUUAAU(~200AAAAAAA)
AUG
???
60s 60s 60s
40s 40s 40s
60s40s4G
UUAUUUAAUAAAAAAA
Deaden
AUG
5´-UTR
AUUARE3 3´-UTR
m7Gppp
m7Gppp
60s
40s
???
60s
40s
4G
4E
4E
5´-UTR
AUU3´-UTR
ζ-cryst
ζ-cryst
 commentar y 
Kidney International (2009) 76    693
to be the rate-limiting step or the sole 
mediator of either process in the proxi-
mal convoluted tubule. 
 Previous studies of Bichara and col-
leagues 4 established that expression of 
BSC1 / NKCC2 in the medullary TAL is 
also increased during metabolic acidosis 
through the process of selective mRNA 
stabilization. Th e current study by Karim ’ s 
group 10 (this issue) indicates that the 
binding of   -cryst plays an essential role 
in this process. Th e 3  -untranslated region 
of the BSC1 / NKCC2 mRNA contains six 
highly conserved AREs. Th e individual 
deletion of three of the six AREs resulted 
in a signifi cant decrease in the level of 
BSC1 / NKCC2 mRNA that correlated 
with an increased rate of degradation. 
Th us, the individual elements, particu-
larly ARE3, may bind a protein that sta-
bilizes the BSC1 / NKCC2 mRNA. 
Deletion of ARE3 was suffi  cient to block 
the pH-responsive increase in BSC1 /
 NKCC2 mRNA. Th e authors also demon-
strated that mouse TAL cells express 
  -cryst and that the level of this protein is 
increased nearly twofold when the cells 
are treated with an acidic medium (pH 
7.1). Overexpression of mouse   -cryst 
also resulted in an increased level of wild-
type BSC1 / NKCC2 mRNA, but not the 
construct lacking ARE3. In addition, cells 
that overexpress   -cryst failed to exhibit 
a further increase in BSC1 / NKCC2 
mRNA when treated with acidic medium. 
Finally, siRNA knockdown of   -cryst (by 
60 % ) reduced the basal level and com-
pletely abolished the pH-responsive 
increase in BSC1 / NKCC2 mRNA. Th us, 
this study provides convincing evidence 
that   -cryst plays an essential role in 
determining the level of BSC1 / NKCC2 
mRNA in TAL cells. However, additional 
studies will be needed to fi rmly establish 
that the observed changes in the level of 
BSC1 / NKCC2 mRNA are mediated by 
corresponding changes in mRNA stabili-
zation. Th e cumulative data are consistent 
with the following hypothesis (Figure 1). 
Proteins that normally bind to the multi-
ple AREs in the 3  -untranslated region 
recruit a deadenylase and promote the 
rapid turnover of the BSC1 / NKCC2 
mRNA. During metabolic acidosis, the 
increased expression of   -cryst leads to 
enhanced binding to ARE3 and promotes 
an extensive remodeling of the BSC1 /
 NKCC2 mRNA / protein complex. The 
newly formed complex contributes to the 
stabilization of the BSC1 / NKCC2 mRNA. 
Th us, it will be important to identify the 
additional proteins that bind to the BSC1 /
 NKCC2 mRNA and to determine the 
signaling pathway and mechanism that 
mediate the increased expression of 
  -cryst and the remodeling of the BSC1 /
 NKCC2 mRNA / protein complex. 
  -cryst clearly binds to extended AU-
rich segments in RNA with high specifi -
city and a nanomolar affi  nity. 9 However, 
the diff ering results observed in proximal 
tubule and TAL cells raise the question 
of how   -cryst may function. A possible 
explanation is that    -cryst may be 
expressed to a greater extent in the prox-
imal tubule than in the TAL. Th is could 
explain why a similar knockdown of   -
cryst had no eff ect on the turnover or 
pH-responsive stabilization of GA 
mRNA in the proximal tubule cells. Sim-
ilarly, if   -cryst were expressed at lower 
levels in the TAL cells, then overexpres-
sion and siRNA knockdown would likely 
produce more pronounced and more 
readily discernible eff ects on its target 
mRNAs. Alternatively, the process of 
mRNA stabilization in the proximal 
tubules may involve additional proteins 
or redundant pathways, such that the 
knockdown of   -cryst has very little 
eff ect on the overall process. Irrespective 
of the underlying diff erence in the two 
cell types, the newly reported data pro-
vide a major advance in understanding 
how the kidney selectively stabilizes key 
mRNAs in response to metabolic acido-
sis to bring about alterations in the renal 
proteome that are essential to sustain the 
increased catabolism of glutamine, the 
compensatory increase in bicarbonate 
ion synthesis and release, and the 
enhanced excretion of ammonium ions 
and titratable acids. 
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